In the region of minimum porosity of particulate binary mixtures, heat exchange and permeability were found to be higher than the ones obtained with a mono-size packing built with the same small size particles used in the binary packing. This effect was noticed in the range of the particles size ratio 0.1-1.0.
Introduction
Fixed beds are characterized by very good thermal performances, due to the high specific surface area and the convective heat transfer coefficients, and by poor hydraulic performances as a consequence of the low porosity [1] .
Studies with high porosity metallic foams have been reported [2, 3] to overcome the large pressure drops of granular fixed beds, having the referred foams greater ETC than granular beds. This happens because in the latter the solid-solid contact thermal resistance effects are higher than in metallic foams. The same reason explains the higher ETC from sintered porous media when compared with that from non-sintered material.
ETC (or K e ) of fluid saturated porous media can be experimentally determined by different techniques -in steady state [4] or transient state conditions [5, 6] , the latter presuming the existence of local thermal equilibrium between the fluid phase and the discontinuous phase [7, 8] .
Solid-solid heat conduction through the finite contact area [9] between spherical particles becomes the main mechanism of heat transfer when the ratio between the solid and fluid conductivities, K s =K f , is higher than 10 3 . This seems to be the reason for the deviation of the Zehner and Schlü nder [10] model from experimental measurements, since it is based on the assumption of contact points between particles and not on a finite contact area [11] . For values of K s =K f < 10 3 , conduction through the finite contact area loses importance and other mechanisms control the amount of transferred heat, such as the solid-fluid-solid conduction, resulting in a good agreement between experimental data and the Zehner and Schlü nder model.
A particle-particle fraction contact area was introduced by Nozad et al. [5] on their 2-D unit cell, as well as Hsu et al. [12] on their in-line 3-D touching cubes model, and a good agreement was found with experimental data on a broad range of the ratio K s =K f .
For mono-size random packed beds, depending on the packing method, loose and dense packing (that present different standard coordination numbers) can be obtained [13, 14] . The porosity of particle binary mixtures of spheres with different sizes depends on the fractional content, x D , of spheres with larger diameter, D, and on the mono-size components porosities and particle size ratio between them [15] .
In particulate binary mixtures of spheres with different diameters, minimum porosity, e min , is observed with a fractional content x D min around 0.7, for different particle size ratios, d ¼ d=D. For the extreme case d ! 0 and using a linear mixture model [16] , we have: 
whereas, for a loose packing, e min may be described by [16] :
Besides ETC, porosity affects the packing permeability k [14, [18] [19] [20] :
where s is the pore tortuosity [21] . For particulate binary mixtures, the particle diameter d p is calculated by the average, d av : 
where n ¼ 0:4 [20] , 0.5 [22] , or varies in the range 0.4-0.5 [14] , depending on the packing method and the packing composition. Du et al. [23] deduced a correlation that translates the increase of transversal thermal dispersion conductivity, K d , with the tortuosity of a packed bed. They explained the decrease of K d near the wall mainly by the decrease of tortuosity and increase of porosity at that region:
where D f is an empirical constant assumed to be 0.35, being Re p the particle Reynolds number and Pr f the Prandlt number.
The aim of the current work is to compare the permeability and ETC from fixed beds containing glass spheres of uniform size with the permeability and ETC of fixed beds containing a mixture of glass spheres with different sizes (binary mixtures). The binary mixtures were built in the region of minimum porosity, applying a reproducible packing procedure developed in past investigations [24] . Forced convection is analysed using the concept of heat exchange effectiveness.
Materials and methods
The soda-lime glass spheres used on ETC, the permeability and the forced convection experiments were obtained from Sigmund Lindner and they had the following diameters:
À3 m and 6 Â 10 À3 m. ETC was determined in transient state using the Nozad et al. [6] procedure (Fig. 1) . A prismatic transparent acrylic column with 0.05 m inner side and 0.2 m length was used. The walls were thermally insulated by polyurethane foam moulded for the prismatic column. Two copper plates with 1 mm thick were inserted on the top and bottom of the cell.
After achieving a uniform temperature of 293.15 K in the packing ðT 0 Þ, constant temperatures of 293.15 K ðT 0 Þ and 313.15 K ðT 1 Þ were imposed to the bottom and top of the packing by two thermostatic baths. Temperatures, hT i, along the length, z, of the packing were recorded at different times, t, by six iron-constant thermocouples connected to a multi-channel microprocessor device. Assuming local thermal equilibrium between solid and fluid phases, the effective thermal diffusivity, a, was estimated by [6] :
The effective thermal conductivity could be calculated by measuring the porosity through the density method, and taking in account Eqs. (9) and (10) [11] :
where q f and q s are the fluid and solid density, and C pf and C ps are the fluid and solid specific heats, respectively. ETC was determined in mono-size packing beds, i.e. packings containing glass spheres of uniform size, and in binary packing beds, i.e. packing containing glass spheres with different sizes, saturated in all cases with glycerol. A method to obtain controlled binary packing beds, based on the application of a previous investigation, was applied. A water-glycerol solution was used as a binder between the different sized particles and the uniform distribution of the different size spheres within the packing was checked by image analysis [24] . The volume of glycerol used to saturate the mono-size and binary packing beds was calculated according to the binary packing porosity model from Mota et al. [20] , for d between 0.1 and 1, and according to the model from Dias et al. [16] , for d lower than 0.1. The permeability of the constructed binary packing beds was determined by Eq. (11), measuring the flow rate at a fixed pressure [20] (Fig. 2) .
In Eq. (11), Dp represents the pressure loss induced by the bed with length L, R m the support layer resistance, u the Darcy velocity and l the water viscosity. The resistance R m was determined in an experiment without bed ðL ¼ 0Þ. The pressure on the top of the bed was estimated by the value observed on the pressure gauge and the height of water H (Fig. 2) . The cross-sectional area of the prismatic column and the volumetric flow rate obtained at the outlet of the experimental setup allowed the calculation of u. Forced convection was studied with the help of a borosilicate glass piston column from Omnifit having 0.025 m inner diameter and 0.25 m length. Using a thermostatic bath, the temperature of the water flowing in the jacket was 333.15 K at the inlet and 332.85-333.05 K at the outlet, in all the experiments. The temperatures of the water at the inlet and outlet of the column containing the packing were recorded, after reaching a steady state, at different mass flow rates imposed by an Ismatec Reglo peristaltic pump.
Results and discussion
Working on the region of minimum porosity, e min , several glycerol saturated binary mixtures were constructed. The binary mixtures had a fractional content x D of 0.7 and the particle size ratio d varied between 0.0186 and 1. The ETC from the constructed binary mixtures was studied by determining the effective thermal diffusivity and the porosity (Fig. 3) .
Experimental thermal diffusivity data was fitted with the following relation: , i.e. a 9.2% deviation. ETC increased 28% with a change in porosity from 0.395 (mono-size packing) to 0.198 (binary packing with particle size ratio of 0.0186) (Fig. 4) . A good agreement between the experimental data, for mono-size and binary packing, and the models described by Zehner and Schlü nder, by Hsu et al. and by Krupiczka [10, 12, 25] was observed.
Experimental dependence of the minimum packing porosity, e min , on d is shown in Fig. 5 together with the 
Current experiments, as well as previous investigations [14, 20] , have shown that the packing composition content on binary mixtures, x D , where the minimum porosity is achieved, does not coincide with the x D , where minimum permeability is reached. Porosity and average pore size, dependent on particle diameter, interplay and explain this observation. Using Eqs. (4)- (6) at a fractional content x D min (Eq. (1)), correspondent to the region of minimum porosity e min , the dependence of the dimensionless ratio k bp =k d on d is represented by the expression:
In Eq. (14) (2) and (13) for dense and loose packing, respectively, it is possible to model the ratio k bp =k d (Fig. 6) . The d region, where the permeability of binary packing, k bp , is higher than the permeability of mono-size packing of particles d, k d , is located in the range 0:1 6 d < 1:0 for loose packing and 0:4 6 d < 1:0 for dense packing.
As with porosity (Fig. 5) , the normalised experimental permeability k bp =k d (Fig. 6 ) also occupies the region between curves 2 and 3 corresponding to the limits of bounded loose packings. The shaded area in Fig. 6 corresponds to k bp =k d P 1:0, where the binary packing permeability for the loose packing is higher than the permeability of the mono-size loose packing of the smaller particles d.
By applying to Eq. (14), a more precise function (Eq. (13)) to describe the minimum porosity, a very good agreement with the experimental data is obtained. The room for a simultaneous increase of permeability and ETC is wider on loose packing and an increase in permeability by a factor of two was achieved for particle size ratios between 0.3 and 0.5.
If a mono-size packing of spheres with diameter D is being used on a certain application, the permeability of the related packing is greater than the permeability k bp or k d . However, if a concomitant increase of ETC is desired, then a packing containing 30% of spheres with a diameter D and 70% of spheres with a diameter higher than D should be constructed. In a loose packing, a diameter higher than D should provide a particle size ratio between Fig. 4 . Dependence of the ratio between ETC, K e , and fluid thermal conductivity on the packing porosity e: circles represent the experimental data; 1 -series-layer model; 2 -parallel-layer model; 3 -model [10] ; 4 -model with a particle-particle fraction contact area 0.13 [12] ; 5 -model [25] . (14)) on the particles size ratio d for n ¼ 0:4, using different models to describe e min : Points -experimental data; curve 1 -e min calculated by Eq. (13) 0.1 and 1, in order to obtain a simultaneous ETC and permeability increase.
In Fig. 7 , the thermal performance of one binary packing is compared with the thermal performance of the mono-size packing of spheres with diameter d. The mono-size and binary packing had the same length and, respectively, the additional following characteristics: spheres with diameter d (Fig. 6) . The temperature difference, DT, between the inlet and outlet of the packed beds was measured at different mass flow rates Q m . Using the experimental DT values, the heat exchange effectiveness / [1, 26] was computed by Eq. (15):
where T in;j and T in;p is the water inlet temperature in the jacket and packing, respectively. Being that for the present mass flow rate in the jacket (0.0805 kg s À1 ) when Q m ! 0 the heat exchange effectiveness should tend to one, the following relations can be found for the mono-size packing (Eq. (16) 
It can be observed in Fig. 7 that the heat exchange effectiveness of the binary packing, having a mixture of spheres with diameter 1.5 Â 10 À4 m and 1.125 Â 10 À3 m, is higher than the heat exchange effectiveness of the mono-size packing, having spheres with diameter 1.5 Â 10 À4 m. The permeability of the related binary packing is also higher than the permeability of the mono-size packing (Fig. 6 for d ¼ 0:133).
Despite the mono-size packing of spheres with diameter d, having the largest specific superficial area, 6/d, a higher thermal efficiency was obtained through the binary mixture with specific superficial area 6=d av . The 7% increase [10] of ETC, in transition from the mono-size to the binary packing, and the thermal dispersion increase due to the tortuosity increase and porosity decrease Eq. (7) play a decisive role on the observed result. On the two packing types reported in Fig. 7 , the term ðs À 1Þð1 À e=sÞ from Eq. (7) assumes a value of 0.59 and 0.33 on the binary packing and mono-size packing, respectively. The used tortuosity is given by Eq. (6) being n ¼ 0:4 [14, 20] .
Concerning permeability, the results from the current work with glass spheres can be safely extended to spheres of other rigid materials. The same happens with the conclusions suggested by Eq. (7) for thermal dispersion, since the increase on tortuosity and decrease of porosity associated to the use of binary mixtures of spheres with different sizes is independent from the used materials. The models available in the literature [12] consider the effect of the porosity and also of solids thermal conductivity on ETC, and show a good agreement with experimental data in a broad range of the ratio K s =K f [8] . It is then reasonable to admit that ETC will increase with the decrease of porosity on the transition from mono-size to binary packing of spheres of other materials besides glass.
Together with the models available in the literature [10, 12] , Eq. (3) or (13) allows the estimate of ETC from binary packing on the region of minimum porosity, for different particle size ratios, d. Lowering the porosity in this region (by the decrease of d), higher values of ETC can be obtained for a certain system solid/fluid. However, permeability (Fig. 6) will decrease with the decrease of the particle size ratio, if d is located below 0.3 (in the loose packing case). Considering the porosity of the two packing types reported in Fig. 7 , but a higher ratio K s =K f , a higher increment of ETC on the transition from the mono-size to binary packing can be obtained. As already referred, that ETC increment for the system glass/water ðK s =K f ffi 1:7Þ is close to 7%. Considering the porosity of the two packing types reported in Fig. 7 , this increment can reach a value of 75% [10] for a moderate value of K s =K f ¼ 10 3 .
Conclusions
Particulate binary mixtures, especially in the case of loose packing, may give rise to a substantial improvement of the thermal-hydraulic performance associated to monosize packing.
It was shown by experimental data and different models available in the literature that it is possible to achieve a permeability enhancement with dense and loose packing. The behaviour of porosity on the region of minimum porosity of particulate binary mixtures explains the referred enhancement.
Heat exchange enhancement can be explained by the increase of ETC, due to the porosity reduction associated to binary mixtures construction, and by the increase on transversal thermal dispersion, due to the tortuosity increase and porosity decrease. The current investigation can have practical hydraulic and thermal implications on chromatographic columns, filter beds, heat exchangers and chemical reactors. Further experiments with binary mixtures are needed in order to estimate convective heat transfer coefficients.
